Abstract-We investigate the power allocation in generalized space-shift keying (GSSK) multiple-input-multiple-output (MIMO) systems. The maximum-likelihood detection with full channel state information (CSI) at the receiver is considered. The goal of the design is to allocate transmit power on GSSK antennas to minimize the symbol error rate (SER) under the total power constraint. An upper bound of SER conditioned on CSI is presented. We propose an algorithm, called the Euclidean distance-based power allocation scheme, to minimize the SER upper bound. Simulation results demonstrate the performance superiority in the proposed scheme compared with prior space-shift-keying-type schemes and the conventional MIMO schemes.
I. INTRODUCTION

S
PATIAL MODULATION (SM) has attracted tremendous attention in recent years due to its simple signaling in multiple-input multiple-output (MIMO) systems [1] - [6] . In SM MIMO systems, the information is carried both on the index of a single activated transmit antenna and on the amplitudephase modulated symbol. Since only one transmit antenna is activated at each symbol duration, the SM technique can avoid the technical challenges in inter-channel interference and interantenna synchronization as opposed to conventional MIMO systems. Moreover, by using only single activated antenna, SM improves transmission energy efficiency through the reduced RF chains [7] . At the receiver, single-antenna based Maximum Likelihood (ML) detection can be employed to reduce the demodulation complexity. A generalized SM scheme, which adopts a beamforming codebook design at the transmitter, was proposed in [8] to achieve better performance compared to conventional SM. A special case of SM is the space shift keying (SSK) that carries the information only on the index of the single activated antenna. SSK avoids conventional modulations and reduces demodulation complexities [9] . However, one drawback of SSK is its relatively small-sized modulation alphabet, and the resulting limited transmission rate. A class of SSKtype modulation that allows multiple transmit antennas to be activated was proposed in [10] - [12] where the transmission rate can be increased. Among them, the generalized SSK (GSSK) activates a fixed number of multiple antennas [10] code-aided SSK (HSSK) adopts a varying number of multiple activated antennas based on the technique of Hamming code construction [11] ; the space-time shift keying (STSK) extends SSK by exploiting both space and temporal dimensions [12] . The SSK-type modulation schemes mentioned above do not rely on channel state information (CSI) at the transmitter and thus assume identical transmit power levels for all activated antennas. To improve the error rates, certain research works proposed SSK-type precoding schemes based on partial or full CSI at the transmitter [13] - [15] . In [13] , an SSK power allocation scheme was proposed to improve the performance of the 2 × 1 MIMO system over correlated Rayleigh fading channels. The work in [14] proposed a precoding scheme, which assigned different phase shifts to different transmission symbols based on full CSI, for GSSK multiple-input singleoutput systems. In [15] , different powers and phase shifts are allocated to different transmission symbols so that the GSSK transmission can be adaptive based on the CSI.
In this paper, we consider GSSK modulated MIMO systems with maximum likelihood (ML) detection and full channel state information (CSI) at the receiver. We study the allocation of power to each antenna, under a total transmitting power constraint, with the goal to pursue the minimization of the symbol error rate (SER) in the GSSK systems. Based on the upper bound of the symbol error rate, we formulate the problem as maximizing the minimum Euclidean distance among legal symbols, which relate to the linear combinations of columns of channel matrix and the allocated power on each antenna. We propose an algorithm, called the Euclidean distance based power allocation (EDPA) scheme, to solve this problem. Simulation results demonstrate that the proposed scheme improves the performance particularly for high signalto-noise ratio (SNR) regime, when compared with the SSK-type schemes and the conventional MIMO schemes. This paper is organized as follows. Section II describes the system model including the GSSK modulation, ML detector, and the SER. Section III gives the problem formulation and the proposed power allocation scheme by which the performance of the SER can be further improved. Simulation results are presented to validate our proposed scheme in Section IV. Finally, Section V gives the conclusion.
II. GSSK SYSTEM MODEL
We consider an uncoded spatial multiplexing system with N t transmit antennas and N r receive antennas using GSSK modulation. A sequence of bits b enters a GSSK mapper, where b bits are grouped and mapped to a modulated symbol vector x. The vector x is selected from the modulation alphabet
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transmitting powers p k ∈ R + , k = 1, . . . , N t , to the antennas, the vector x is then transmitted to the receiver through a flatfading channel H ∈ C N r ×N t . The baseband signal model at the receiver is given by
where
T ,x = p • x with the element-wise product •, and n ∈ C N r is a complex Gaussian random vector with zero mean and covariance matrix N 0 I. Without loss of generality, we assume x is drawn equally probably from A with cardinality |A| = M , where M = log 2
A. ML Detector
Assume that the channel matrix H and the powers p are known at the receiver. Given the received signal in (1), the optimal detector is the maximum likelihood (ML) detector, which is written asx
Define h k as the kth column of H. The detector in (2) can be equivalently expressed aŝ
where the subscript i is the set of activated antenna indices corresponding to a specific information symbol, I is the set of legal activated antenna sets corresponding to all legal information symbols, andh i = k∈i p k h k is the linear combination of n t columns of H corresponding to the index set i.
B. Symbol Error Rate
Let x i be the transmitted vector in A with its activated antenna indices being i. Since the symbols are selected from A equally likely, the SER for a given H can be written as
By the union bound principle [16, p. 261 ], the SER with x i being transmitted is bounded by
where P (x i → x j |x = x i ) is the pairwise error probability (PEP) of deciding on x j given that x i is transmitted. It is shown in [10] that, for a given H, the PEP by (3) is given by
) dt is the Q-function and d (i,j) = h i −h j is the Euclidean distance betweenh i andh j , i, j ∈ I. For fixed H and p, we define the minimum Euclidean distance among all d (i,j) as
From (4)- (7), we have
where the second inequality uses that Q(x) is a monotonically decreasing function. From (8), we see that when d min is large, the upper bound on the SER is small. In the following, we propose an Euclidean distance based power allocation (EDPA) scheme to improve the performance by maximizing d min .
III. PROPOSED EUCLIDEAN DISTANCE BASED POWER ALLOCATION FOR GSSK
In the original GSSK, the transmitting powers are set to be equal for all antennas. In this section, we propose to allocate the transmitting power for each antenna so as to improve the system performance. As suggested by (8) , the minimization of SER can be approximately formulated as the problem of maximizing the minimum Euclidean distance. We then propose a method to solve the problem. For a fixed channel matrix H, the problem of minimizing the SER, under a total power constraint E T , can be written as
where d min (p) denotes the minimum Euclidean distance for a given p. A closed-form expression to (9) is hardly tractable, since the minimum Euclidean distance depends on the channel matrix and the power vector. Hence, we adopt a numerical method to solve this problem.
A. Proposed Algorithm
The proposed algorithm, called the EDPA scheme, updates the power with a fixed step size at each iteration so as to increase the minimum Euclidean distance. For a given channel matrix H, the algorithm is given as follows. i) Initialization: The initial powers are set equally for all antennas, i.e., p k (0) = E T /N t , ∀ k, to satisfy the power constraint in (9) . ii) Acquirement: For a given power vector p(t), we acquire the activated antenna index sets i and j that correspond to two transmitted symbols with the minimum Euclidean distance. Let m = {{i ∪ j} − {i ∩ j}}, where ∪ represents the set union operator, ∩ represents the set intersection operator, and "−" represents the set difference operator.
Conceptually, the m contains all indices in i and j except those in the intersection of i and j. At the tth iteration, the minimum Euclidean distance d min (p(t)) can possibly be increased by adjusting powers for antenna indices k ∈ m. iii) Update: For a given m, the power of each antenna is adjusted aŝ
where Δ k ∈ {+δ, −δ} is a step size with a small positive value δ. It is noted that Δ k for k ∈ m should be properly chosen in {+δ, −δ} so that d min (p(t + 1)) is improved the most among all possible choices of Δ k . The updated power vector can be written as
where α = √ E T / p(t + 1) is the normalization factor to satisfy the power constraint in (9) . iv) Termination: The proposed algorithm aims at maximizing the minimum distance. Therefore, if the minimum distance of the updated power is smaller than that of the previous power, i.e.,
the algorithm is terminated. Moreover, since the power of each antenna should be non-negative, if one of the transmitting power is updated to be below a threshold, i.e.,
where the threshold ε is a small positive value, the algorithm is terminated. The summary of the proposed EDPA scheme is shown in Algorithm 1.
Algorithm 1 Euclidean distance based power allocation
Input:
The channel matrix H; the modulation alphabet A; the step size δ; the threshold ε; Output: The final power vector p(t); 1: Set initial powers p k (0) = E T /N t , ∀ k, and t = 0; 2: Find the activated antenna sets i and j corresponding to d min (p(t)); 3: Evaluate the index set m = {{i ∪ j} − {i ∩ j}}; 4: Update the powers according to (10); 5: Normalize the updated power as in (11); 6: If (12) or (13) holds, stop; otherwise, t = t + 1 and go to step 2. 7: return p(t);
B. Discussions
i) For the GSSK modulated system with the proposed power allocation scheme, the transmitter does not need to know the full CSI. Specifically, since the channel matrix is known at the receiver, the transmitting powers of all antennas can be evaluated by Algorithm 1 at the receiver. After determining the power of each antenna, the receiver sends the information back to the transmitter. ii) In the proposed algorithm, the initial powers are set equally so as to ensure that the performance of the proposed power allocation scheme is no worse than that of the original GSSK. Since the powers are adjusted with a small step size, the value of the minimum Euclidean distance d min does not change drastically. However, the solution is not guaranteed to achieve neither a global optimum nor a local optimum. The proposed algorithm ensures that the minimum Euclidean distance d min increases or does not change after adjusting; the proposed algorithm pursues in the direction of optimizing the upper bound on the SER in (8).
IV. SIMULATION RESULTS
In this section, we use simulations to verify the proposed algorithm. The entries of n and H are set as independent and identically complex Gaussian with zero mean and unit variance. The signal-to-noise ratio (SNR) is defined as
We compare the proposed EDPA scheme with (i) two open-loop schemes, in which the data transmission does not rely on the CSI; (ii) three closed-loop schemes, in which the data transmission is adaptively adjusted based on the CSI; and (iii) a conventional QAM modulation scheme. In the proposed SSK-type scheme, we set δ = 10 −3 and ε = 2δ in Algorithm 1. The open-loop SSK-type schemes are 1) the original GSSK and 2) the Hamming code-aided SSK (HSSK) [11] with the minimum Hamming distance d hssk . The closedloop schemes are 1) the SSK-type scheme, called modified GSSK (MGSSK) proposed in [15] ; 2) the one-bit reallocation adaptive SM (OBRA-ASM) scheme proposed in [5] ; and 3) the conventional zero forcing (ZF) precoding scheme. powers of the proposed scheme are adjusted to reduce the SER based on the CSI. Moreover, the proposed scheme provides an SNR gain of more than 3 dB over the GSSK at SER = 10 −4 . Compared with the closed-loop schemes, we can see that the proposed scheme outperforms the OBRA-ASM scheme and the ZF scheme. Although the performance of the proposed scheme is slightly worse than that of the MGSSK scheme as SNR < 15 dB, the complexity of the proposed scheme is lower than that of the MGSSK scheme. Specifically, the proposed scheme adjusts 7 parameters (since N t = 7) while the MGSSK scheme needs to adjust 32 parameters (2 4 symbols using complex gains), and thus we expect that the proposed scheme has lower complexity than the MGSSK scheme. The comparisons of computational complexities between the proposed scheme and the MGSSK in flops for each iteration is summarized in Table I . It should be noted that for high SNR (SNR > 15 dB) the performance of the proposed scheme is slightly better than that of the MGSSK scheme.
In Fig. 2 , to maintain the identical 5-bit/s/Hz rates, we consider the 10 × 6 system for the SSK-type modulation schemes, the 4 × 6 system for the OBRA-ASM scheme, a 2 × 6 system for the ZF scheme, and a 1 × 6 system for the 32-QAM scheme. Again, we see that the proposed scheme exhibits better performance than the open-loop schemes, OBRA-ASM scheme, ZF scheme, and 32-QAM scheme. The performance gap between the proposed scheme and GSSK is about 1 dB at SER = 10 −4 . Fig. 2 also shows that the performance of the proposed scheme is about 1 dB worse than that of the MGSSK scheme as SNR < 6 dB; as SNR increases, the performance gap between two schemes decreases.
V. CONCLUSION
We consider GSSK modulated MIMO systems with the ML detection at the receiver. We consider to allocate transmit power of each antenna so as to minimize the symbol error rate under the total power constraint. Based on the derived upper bound of the symbol error rate, the problem is formulated to maximize the minimum Euclidean distances among legal constellation points. We propose the EDPA scheme that adjusts the power vector with a fixed step size at each iteration to decrease the minimum Euclidean distance. Simulations show that the proposed scheme outperforms prior SSK-type modulation schemes and the conventional QAM modulation schemes. 
